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Abstract
The retinoblastoma protein (pRb) functions as a cell cycle regulator controlling G1 to S phase transition and plays
critical roles in tumour suppression. It is frequently inactivated in various tumours. The functions of pRb are tightly
regulated, where post-translational modifications (PTMs) play crucial roles, including phosphorylation, ubiquitination,
SUMOylation, acetylation and methylation. Most PTMs on pRb are reversible and can be detected in non-cancerous
cells, playing an important role in cell cycle regulation, cell survival and differentiation. Conversely, altered PTMs on
pRb can give rise to anomalies in cell proliferation and tumourigenesis. In this review, we first summarize recent find‑
ings pertinent to how individual PTMs impinge on pRb functions. As many of these PTMs on pRb were published
as individual articles, we also provide insights on the coordination, either collaborations and/or competitions, of the
same or different types of PTMs on pRb. Having a better understanding of how pRb is post-translationally modulated
should pave the way for developing novel and specific therapeutic strategies to treat various human diseases.
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Background
One well-acknowledged underlying etiology of cancer
is a loss in cell proliferation control [1]. Regulation of
G1 progression is an important step in cell proliferation
control, and this process is highly sensitive to tumourigenesis [2]. Retinoblastoma susceptibility gene (RB1) is
the first identified tumour suppressor gene. Its inactivation mutation was originally discovered as a cause of
retinoblastoma in children [3]. On top of developing the
retinal malignancy, retinoblastoma survivors are predisposed to acquire osteosarcoma and other sarcomas due
to RB1 inactivation mutation [4]. In normal eukaryotic
cells, the tumour suppressive function of RB1 is executed
by its translational product, the RB protein (pRb) [5].
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pRb is a DNA binding protein of 928 amino acids, containing two folded domains, a structured N-terminal
domain (pRbN) and a central pocket domain, including the pocket A and pocket B domains. Both folded
domains consist of two helical subdomains [6, 7]. Several intrinsically disorder sequences within pRb involve
two loops in pRbN (pRbNL) and the pocket (pRbPL), an
interdomain linker (pRbIDL) and parts of the C-terminal
domain (pRbC) (Fig. 1A). The pocket domain of pRb
binds its putative binding partner E2F transactivation
domain (E2FTD) through a cleft between the two helical
subdomains [8, 9]. Moreover, the pRbC also binds the
marked box domains of E2F and its heterodimer partner DP ( E2FMB-DPMB) [10]. Two regions of the pRbC, the
N-terminal region of pRbC (pRbCN) and the core region
of pRbC (pRbCcore), are involved in this interaction [10].
On the other hand, the pocket B domain of pRb binds a
linear LXCXE sequence motif in viral oncoproteins via its
cleft (Fig. 1B) [6, 11].
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Fig. 1 Retinoblastoma protein (pRb) structural domains and protein interactions. A Structured domains in pRb are colored, including the
N-terminal domain (pRbN), the pocket domain A and B, and the pRb C-terminus core region ( pRbCcore). In contrast, several intrinsically regions
contain two large loops in pRbN (pRbNL) and the pocket domain (pRbPL), an interdomain linker (pRbIDL) and part of the N-terminal region
of the pRbC (pRbCN). N and C indicate the N- and C-terminals of the protein. Numbers indicate the amino acid positions. B Model of the
unphosphorylated form of pRb and its interaction with E2F and LXCXE motif containing proteins. E 2FTD represents the E2F transactivation
domain. E2FMB–DPMB represents the marked box domains of E2F and its heterodimer partner DP. C Models demonstrating the impacts of various
phosphorylation events on pRb structural alteration and on its association with E2F and LXCXE motif containing proteins. Only part of the pRb
protein regions is shown for illustration. (i) T821/T826 phosphorylation promotes binding of p
 RbCN to the pocket domain and inhibits pRb binding
to LXCXE motif containing proteins as well as binding to E2FMB–DPMB. (ii) S608/S612 phosphorylation partially impedes E2FTD interaction via
promoting association of pRbPL with the pocket domain. (iii) T356/T373 phosphorylation partially blocks E 2FTD binding to pRb and pRb interacting
with LXCXE motif containing proteins by inducing pRbN docking on the pocket domain. (iv) S788/S795 and S807/S811 phosphorylation facilitates
intramolecular association between the pRbC and the pocket domain to obstruct the sites for E 2FTD and E2FMB–DPMB binding

pRb, together with its homologs p107 and p130,
belongs to the “pocket protein” family and was first identified to serve as a cell cycle regulator to exert its tumour
suppressive effects [12, 13]. To control cell proliferation,
pRb tightly regulates the cell cycle checkpoint located in
the G1/S phase boundary principally by governing the
activities of the E2F transcription factor family members
via direct binding or recruiting co-repressors [14]. In
cancers with loss of the pRb function, RB1 inactivation
mutation or dysregulation of pRb upstream modulators
constitutively inactivates pRb, giving rise to uncontrolled
cell division [15–17]. In addition to its roles in G1 checkpoint control, pRb also plays crucial parts in many other
cellular processes, involving differentiation, chromosomal stability, chromatin remodeling, angiogenesis,
apoptosis and senescence [17].
Post-translational modifications (PTMs) are covalent
attachments of functional groups to protein substrates
and play critical roles in numerous biological processes.
Thus far, more than 450 PTMs on proteins have been

unveiled, inclusive of phosphorylation, ubiquitination,
SUMOylation, acetylation and methylation. These PTMs
are capable of altering the activity, stability, protein interaction and intracellular localization of the target proteins
[18]. Most of the PTMs are reversible and changeable
quantitatively without noticeable effects. They can also
be drawn upon by normal eukaryotic cells as a “switch”
to quickly alter cell states [19]. pRb is modified by various PTMs that can affect specific functions of pRb to
maintain cellular homeostasis in specific contexts in normal eukaryotic cells [20]. Moreover, crosstalk between
different PTMs on pRb is also finely tuned to accommodate normal eukaryotic cells to various changes in
diverse settings and in specific circumstances [21–23].
Anomalies in PTMs can result in aberrant activities of
pRb, responsible for dysregulated cellular processes such
as oncogenesis [24, 25]. The main purpose of the present
review is to comprehensively summarize the influence of
ubiquitination, SUMOylation, phosphorylation, acetylation and methylation, on pRb functions under distinct
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physiological and pathological conditions. In addition,
multiple PTMs have been detected on the same pRb
molecules. How these multiple PTMs, either the same or
different types of PTMs, are regulated on pRb and their
impacts on the functions of pRb are also discussed.

Main text
(A) Ubiquitination of pRb

Ubiquitination, one important PTM, links ubiquitin, a
protein with 76 amino acids, with a target substrate covalently in an ATP-dependent manner. The ubiquitination
reaction involves multiple steps mediated by three types
of enzymes: ubiquitin activating enzymes (E1s), ubiquitin conjugating enzymes (E2s) and ubiquitin ligases (E3s)
[26]. Initially, E1s bind to ubiquitin along with ATP for
activation, subsequently transfer the activated ubiquitin
to E2s, and eventually the activated ubiquitin is covalently conjugated to the target residues on substrates by
E3s [26]. One of the target residues that could be modified by E3s is lysine. Based on the amount of ubiquitin
molecules conjugated to one lysine molecule on the substrate, ubiquitination can be categorized as monoubiquitination (single ubiquitin) and polyubiquitination (chains
of ubiquitins) [27]. In polyubiquitination, the polyubiquitinated chain can be formed by ubiquitin attachment
through the first methionine (M1) or 7 lysine residues
(K6, K11, K27, K29, K33, K48, K63) [28]. Different polyubiquitination chains can lead to various consequences
to the protein substrates, with K48-linked polyubiquitination engaged in both proteasomal degradation [29]
and proteasome-independent regulation of signaling
events and transcription [30, 31], while K11-linked polyubiquitination has been implicated in proteolysis [29]
and K63-linked polyubiquitination has been reported
in signaling convergence [29]. Throughout the entire
process of ubiquitination reactions, E3s are particularly

important as they serve to recruit specific substrates for
ubiquitination. In human, E1s and E2s have 2 and 42 family members respectively, whereas several hundred of E3s
have been identified thus far, which can be classified as
the homology to E6AP C terminus (HECT) domain-containing E3s, the really interesting new gene (RING) finger
domain-containing E3s and the RING-between-RING
(RBR) family E3s [32, 33]. Ubiquitination processes can
be reversed by deubiquitinating enzymes (DUBs), which
can remove ubiquitin from ubiquitinated substrates [34].
Dynamic balance between ubiquitination and deubiquitination are tightly regulated to control cellular functions.
Its deregulation could give rise to multiple diseases such
as cancer [33].
pRb can be target of several E3 ligases (Table 1). These
E3 ligases ubiquitinate pRb and promote its ubiquitindependent proteasomal degradation to affect its functions in cell cycle regulation. For example, tripartite motif
containing 71 (TRIM71), an E3 ligase that was inactivated
by phosphorylation via protein kinase A, ubiquitinated
pRb and accelerated its degradation in a K48-linked polyubiquitination fashion, which facilitated breast tumor
progression [35]. Moreover, RNF123, a member of the
RING finger domain-containing E3 ligases, interacted
with and mono-ubiquitinated pRb to mediate its degradation in cells expressing disease-causing Lamin A
mutants, resulting in enhanced G1/S phase transition
[36]. Novel RB ubiquitin E3 ligase (NRBE3) was found
upregulated in breast tumour tissues and transcriptionally activated by E2F1/DP1 [37]. This E3 ligase selectively bound with the hypophosphorylated form of pRb
through its LXCXE motif sequence and ubiquitinated
preferably the hypophosphorylated pRb in a K48-linked
polyubiquitination manner to destabilize pRb through
proteasomal degradation, leading to accelerated G1/S
phase transition and cell proliferation [37]. Additionally,

Table 1 E3 ubiquitin ligases that target pRb for ubiquitination
E3 ligase

Adaptor(s)

Functional outputs

References

TRIM71

None

Facilitate breast tumor progression

[35]

RNF123

None

Enhance G1/S phase transition

[36]

NRBE3

None

Accelerate G1/S phase transition and cell proliferation

[37]

MDM2

None

Facilitate cell cycle progression

[24, 39, 41]

MDMX

Restore pRb functions in cell cycle regulation [44]
Enhance G1/S phase transition [45]

[44, 45]

NIR

Elevate G1/S phase transition and cell proliferation [42]

[42]

SCFSKP2

EBNA3C

Attenuating pRb-induced G1 arrest

[25]

hUTP14a

None

Upregulate expression of E2F1 regulated genes and enhance proliferation [38]
of cancer cells

Cullin 2

HPV16 E7

Stimulate cell proliferation

[48]

E6AP

NS5B

Stimulate cell proliferation

[50]
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human U3 protein14a (hUTP14a), a nucleolar protein
with E3 ligase activity, interacted with pRb through PENF
motif in its C-terminus, and polyubiquitinated pRb to
increase its proteasomal turnover, which upregulated
expressions of E2F1 regulated genes and enhanced proliferation of cancer cells [38].
Murine double minute 2 (MDM2), a putative E3 ligase
for tumour suppressor p53 ubiquitination, also targets
pRb for ubiquitination to exerts impacts on its functions
in cell cycle regulation. And MDM2 is able to interact
with pRb and affect its protein stability through diverse
mechanisms. On one hand, MDM2 ubiquitinated pRb
specifically but not the other pRb family proteins p107
and p130, for proteasomal degradation in a p53-independent fashion, reducing its protein stability and facilitating cell cycle progression [24, 39]. On the other hand,
MDM2 interfered with pRb protein stability by interacting with pRb and C8 subunit of the 20S proteasome to
promote its p53- and ubiquitin-independent proteasomal
degradation, enhancing cell cycle S phase entry and DNA
synthesis [40]. Besides, MDM2 can also modulate pRb
protein level or stability in a cell cycle phase-dependent manner to govern cell cycle progression. For example, in G1 phase and under genotoxic stress conditions,
MDM2 protein formed complex with the mRNA of pRb
to guide it to polysomes to increase pRb protein synthesis, thereby contributing to G1 cell cycle arrest. Nevertheless, in the G2/M phase and upon genotoxic stress,
MDM2 ubiquitinated and degraded pRb to promote
cell cycle progression [41]. What signals or factors that
direct pRb to degradation via specific pathways requires
further investigation. Novel INHAT repressor (NIR), a
nucleolar protein and novel histone acetyltransferase
inhibitor (INHAT), was highly expressed in colorectal
cancer tissues and significantly correlated with poor clinical outcome. It interacted with pRb via a LXCXE motif
in its INHAT-2 domain and polyubiquitinated pRb for
proteasomal degradation dependent on MDM2, giving
rise to elevated G1/S phase transition and cell proliferation in colorectal cancer cells [42]. As NIR has not been
reported to possess E3 ligase activity and can interact
with MDM2 to inhibit MDM2 degradation [43], it would
be interesting to further investigate whether NIR recruits
MDM2 to form a ternary complex with pRb to promote
pRb ubiquitination and degradation. MDMX, a structural
homolog of MDM2 without detectable E3 ligase activity,
competed with MDM2 for binding to the pRb C-terminal
region, and impeded the MDM2-pRb interaction, leading to inhibitory MDM2-mediated pRb ubiquitination
and degradation and therefore contributing to restoration of pRb functions in cell cycle regulation [44]. Contradictorily, another study showed that MDMX bound to
the pRb C-pocket via its C-terminal ring finger domain
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and promoted MDM2-pRb interaction, causing pRb
destabilization and inhibition of the suppressive activity of pRb on E2F1 in a MDM2-dependent fashion [45].
It is unknown whether this effect is dependent on ubiquitination. Meanwhile, the reasons for the discrepancy
between these two observations on effects of MDMX on
MDM2-pRb interaction are unclear and require further
investigations.
Some E3 ligases can be recruited by viral oncoproteins
without E3 ligase activity to ubiquitinate pRb and influence its functions in cell cycle regulation. Epstein–Barr
nuclear antigen 3C (EBNA3C), an Epstein–Barr virus
latency protein, interacted with pRb when the proteasome machinery was impeded, and recruited a ubiquitin
ligase complex S
 CFSKP2, through its N-terminal 140–149
amino acids motif, to ubiquitinate and subsequently
degrade pRb, but not the other two pRb family proteins
p107 and p130, attenuating pRb-induced G1 arrest [25].
Apart from direct binding and subsequent sequestering
pRb from E2F [46, 47], another DNA viral oncoprotein,
human papilloma virus (HPV)-16 E7, was also able to
associate with an active cullin 2 ubiquitin ligase complex
via its elongin C subunit to polyubiquitinate and degrade
pRb proteasomally [48]. In addition to DNA viral oncoproteins, RNA viral oncoproteins also affect cellular pRb
abundance through ubiquitination. Nonstructural protein 5B (NS5B), a viral RNA-dependent RNA polymerase,
enhanced pRb cytoplasmic localization by interaction
with it via a conserved Leu-X-Cys/Asn-X-Asp motif, and
further recruited an E3 ligase called E6-associated protein (E6AP) to target pRb for polyubiquitination and proteasomal degradation, which activated E2F-responsive
promoters and stimulated HPV-infected hepatoma cell
growth [49, 50].
Although site-specific regulations and functions of pRb
ubiquitination have rarely been reported, several studies have revealed ubiquitination sites of pRb through
high-throughput mass spectrometry (MS) under various conditions and in different cell types or tissues
(Table 2). K803 on pRb was revealed to be ubiquitinated
via TRIM71 in MMTV-Tg (LINK-A) mouse mammary
gland tumour tissues by MS analysis [35]. In unperturbed
HEK293T cells and in proteasome inhibitor MG132treated MV4-11 cells, a K810 ubiquitination site of pRb
was mapped [51]. Moreover, in unperturbed Jurkat E6-1
cells, up to 18 endogenous ubiquitinated sites on pRb
were detected [52]. Apart from unperturbed condition,
ubiquitination of pRb at specific sites were also discovered under stress conditions. For example, after ultraviolet (UV) treatment, ubiquitination of pRb at K842 in
U2OS cells and at six sites (K879, K97, K856, K846, K823,
K842) in HEK293T cells were found [53, 54]. Under a
proteasome inhibition condition induced by bortezomid
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Table 2 Ubiquitination sites of pRb detected by MS
Cell lines/tissues

Conditions

Ubiquitination sites detected by MS

References

MMTV-Tg (LINK-A) mouse
mammary gland tumour

Untreated

K803

[35]

HEK293T cells; MV4–11 cells Unperturbed (for HEK293T cells); proteasome inhibi‑
tor MG132 treatment (for MV4–11 cells)

K810

[51]

Jurkat E6-1 cells

Unperturbed

K63, K65, K265, K279, K289, K319, K329, K359, K420,
[52]
K640, K791, K810, K814, K844, K847, K870, K896, K900

U2OS cells

UV treated

K842

[53]

HEK293T cells

UV treated

K97, K823, K842, K846, K856, K879

[54]

Hep2 and Jurkat cells

Treatment with proteasome inhibitors bortezomid
and b-AP15

K63, K65, K94, K136, K143, K265, K279, K289, K327,
[55]
K341, K420, K427, K432, K537, K640, K791, K810, K814,
K824, K847, K870, K896, K900 (in Jurkat cells)
K63, K65, K94, K136, K143, K265, K279, K289, K327,
K341, K420, K427, K537, K640, K810, K847, K860, K870,
K896, K900 (in Hep2 cells)

HCT116 cells

Combined treatment with bortezomid and
cycloheximide

K143

and b-AP15, 24 sites on pRb were identified to be ubiquitinated in Hep2 and Jurkat cells [55]. Besides, ubiquitination of pRb at K143 was unveiled in HCT116 cells with
combined treatment of bortezomid and cycloheximide
[56]. Intriguingly, ubiquitination of pRb at some identical
sites (for example K810) seems to be common in some
cell types regardless of being unperturbed or proteasome
inhibition, suggesting that pRb ubiquitination at these
sites probably plays similar roles in these conditions.
On the other hand, ubiquitination of pRb at differential
sites observed (for example K860, K432 and K879) might
probably execute site-specific cellular functions in specific cell types under specific stress contexts.
(B) Deubiquitination of pRb

In addition to ubiquitination, pRb is deubiquitinated with
modulations on its functions. Herpes virus associated
ubiquitin specific protease (HAUSP) deubiquitinated
pRb and shielded it from K48-linked polyubiquitination
and proteasomal degradation, resulting in increased pRb
stability and subsequent G1 cell cycle arrest. The activity of HAUSP on pRb was subject to MDM2 in a context-specific fashion, where HAUSP deubiquitinated and
stabilized pRb with low level of MDM2 in normal cells
while high level of MDM2 hampered HAUSP activity on
pRb leading to pRb degradation in cancer cells [57]. As
MDM2 can target pRb for either ubiquitin-dependent or
ubiquitin-independent proteasomal degradation [24, 40],
MDM2 might potentially counteract HAUSP to affect
pRb stability by either mechanism in cancer cells.
(A) SUMOylation of pRb

SUMOylation is a PTM that modifies protein substrates
with small ubiquitin-like modifiers (SUMOs) by adopting

[56]

similar enzymatic mechanisms as in ubiquitination,
where E1 activating enzymes, E2 conjugating enzymes
and E3 ligases are engaged in catalyzing the covalent
attachment of SUMOs to protein substrates [58]. In activation, the COOH termini of SUMOs are cleaved to conjugate with SUMO-activating enzyme (E1) supported
by energy generated from ATP hydrolysis. Activated
SUMOs are then transferred to UBC9, the only known
SUMO-conjugating enzyme (E2). Subsequently, SUMOs
form an isopeptide bond with specific lysine residues
on protein substrates through SUMO ligases (E3s) [59].
In human, SUMOs have four distinct isoforms (SUMO1, -2, -3 and -4). SUMO-1, SUMO-2 and SUMO-3 are
the main SUMO proteins, among which SUMO-2 and
SUMO-3 share 97% identity in terms of amino acid
sequence, while SUMO-1 shares 50% sequence similarity with either SUMO-2 or SUMO-3 [60]. SUMO-1 is
usually conjugated to a lysine residue of substrate as a
monomer (mono-SUMO), while SUMO-2 or SUMO-3
forms a poly-SUMO chain (poly-SUMO). Besides, a substrate can be modified with SUMOs at multiple lysine
residues (multi-SUMO) [61]. By covalent binding of these
SUMO proteins to substrates at specific lysine residues,
SUMOylation modulates cellular processes including
DNA repair and synthesis, cell cycle regulation and subcellular localization [62–65]. Similar to ubiquitination,
SUMOylation is reversible and controlled by the family of Sentrin-specific proteases (SENPs) via removing
SUMOs from SUMO-conjugated substrates [61].
pRb can be SUMOylated to affect its functions in
cell cycle regulation. On one hand, SUMOylation of
pRb can promote cell cycle progression. For example,
hypophosphorylated form of pRb was preferentially
SUMOylated with covalent attachment of SUMO-1 at
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K720 to hinder suppressive effects of pRb on E2F transcription factor [66]. Furthermore, SUMOlyation of pRb
at K720 by SUMO-1 occurred preceding its phosphorylation at the early G1 phase to recruit CDK2, which contains a SUMO-interaction motif (SIM), to promote pRb
phosphorylation at S807/S811, leading to E2F1 release
from pRb–E2F1 complex and consequently enhanced
cell proliferation [21]. These observations demonstrated
that SUMOylation can enhance pRb phosphorylation
to promote cell cycle progression. As CDK4/6 have also
been reported to initiate pRb phosphorylation at early
G1 phase [67], CDK4/6 may also play a role in SUMOylation-mediated enhanced phosphorylation of pRb. On
the other hand, SUMOylation of pRb is also capable of
impeding cell cycle progression. For example, Kaposi’s
sarcoma herpes virus latent protein LANA2 interacted
with pRb via its LXCXE sequence motif, and hindered
pRb SUMOylation to bypass cell cycle G1 arrest [68].
In addition, SUMO-2/3 modified pRb in HEK293 cells
stably expressing SUMO-2/3, and the SUMOylation of
pRb resulted in cell cycle arrest [69]. It is notable that
SUMOylation of pRb by distinct SUMOs generates different effects in cell cycle regulation. The specific signaling pathways involved in recruiting specific SUMOs to
modify pRb to exercise different functions in diverse contexts remain to be investigated.
Thus far, not many E3 ligases have been documented
to be engaged in pRb SUMOylation. Only one study
reported that, in an in vitro SUMOylation assay, pRb was
SUMOylated specifically with SUMO-2/3 by the SUMO
E3 ligase K-bZIP, which is encoded by the Kaposi’s sarcoma-associated herpesvirus (KSHV) [70]. Nonetheless,
it remains unknown which site on pRb was SUMOylated
by K-bZIP, as well as the in vivo functional outcomes of
this SUMOylation.
(B) DeSUMOylation of pRb

SUMOylation of pRb can be reversed via SENPs by
removing SUMOs. In mouse embryonic fibroblasts,
the SUMO protease SENP1 associated with and deSUMOylated pRb via removing SUMO-1 [71]. The pRb
deSUMOylation decreased its proteasomal turnover and
consequently repressed E2F1 activity, leading to blockage
of S phase entry and reduced cell proliferation [71]. This
finding confirms that SUMOylation can serve as a molecular modulator governing pRb stability and cell cycle
regulation. Notably, markedly decreased SUMOylation of
pRb and increased expression of SENP1 were observed in
keratinocytes from lesions of vitiligo in comparison with
normal keratinocytes, suggesting deSUMOylation of Rb
in keratinocytes might play a role in the pathogenesis of
vitiligo [72].
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(A) Phosphorylation of pRb

Protein phosphorylation is catalyzed by protein kinases
to add phosphate groups from ATP or other nucleoside
phosphates to amino acids of protein substrates [73]. In
eukaryotic cells, phosphorylation at serine, threonine
and tyrosine residues of the protein substrates by protein
kinases accounted for around 84%, 15%, and < 1% respectively of the total protein phosphorylation events studied
by phosphoproteomics [74]. This modification may occur
on a single site or on multiple sites of the same substrate
protein molecule [75]. In human, more than 500 protein
kinases have been identified to regulate protein phosphorylation and most of them are serine/threonine kinases
[76]. These protein kinases contain several conserved
motifs in protein structures including an ATP binding
domain, activation loop and catalytic domain [77]. Protein phosphorylation mediated by these kinases acts as a
molecular switch to regulate a plethora of protein functions, involving protein turnover, enzymatic activity, protein–protein interaction, protein conformation alteration
and localization, which in turn affect numerous cellular
functions such as cell growth and differentiation [78].
Protein phosphorylation is reversible by removing the
phosphate groups from the protein substrates by the
phosphatase (PP) enzymes [79]. Phosphatase 1 (PP1) and
phosphatase 2A (PP2A) are the two major phosphatases,
and both of them account for more than 90% of protein
phosphatase activity in eukaryotes [80]. Protein kinases
and phosphatases work in dynamic balance to regulate
protein functions.
Phosphorylation of pRb at multiple sites induces sitespecific and diverse global conformational changes to
modulate pRb functional outputs via affecting its interaction with E2F and LXCXE motif containing proteins
(Table 3 and Fig. 1C). For example, phosphorylation
at T821/T826 by CDK2-cyclin A or CDK4-cyclin D1
impeded pRb interaction with LXCXE motif containing viral oncoproteins by promoting an intramolecular interaction between pRbC and the pocket B domain
[10, 81, 82]. Additionally, pRb phosphorylation at both
S608/S612 and T356/T373 was necessary for inhibiting
the interaction between the E
 2FTD and the pRb pocket
domain, where S608/S612 phosphorylation promoted an
intramolecular association between the flexible pocket
linker and the pocket domain while T373 phosphorylation led to an intramolecular interaction between pRbN
and the pocket domain [83, 84]. Strikingly, S788/S795
and S807/S811 phosphorylation of pRb disrupted the
interaction between the p
RbCN and the E
2FMB-DPMB
heterodimer, and also the interaction of pRb pocket
domain and E2FTD [10, 85]. These dual effects might be
explained by an intramolecular association between the
pRbC and the pocket domain, even though S807/S811
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Table 3 Summary of phosphorylation events in pRb with reported functional outcomes
Functional outcomes

Phosphorylated sites

Kinases

References

Impede pRb interaction with LXCXE motif containing proteins

T821/T826

CDK2 and CDK4

[10, 81, 82]

Hinder pRb–E2FTD binding and/or pRb–E2FMB–DPMB binding

S608/S612 and T356/T373

Unknown

[83, 84]

S788/S795 and S807/S811
Promote G0 exit and G1 entry

S807/S811

[10, 85]
p38γ MAPK

[88]

CDK3

[87]

S780

CDK4

[94]

S795

CDK4

[93]

S567

CDK2

[95]

S807/S811

CDK5

[96]

S780, S795 and S807/S811

CDK4

[97]

S608

Raf-1

[98, 99]

S807/S811, S780 and T821/T826

p38γ MAPK

[88]

S780, S807/S811 and T821

UL97

[100]

Delay S phase progression

S612

BGLF4 kinase

[101]

Transit G2/M phase or exit cell cycle

S804

AMPK

[102]

Increase E2F transcriptional activities and trigger cell death

S795

CDK4/6

[103, 104]

S780, S795 and S807/S811

CDK5

[105]

S780

p38 MAPK

[106]

S567

p38 MAPK

[107]

T821

SAPK/JNK

[108]

S249/T252

p38α MAPK

[109]

Y805

Abl

[110]

S612

Chk1/2

[111]

S807

Unknown

[177]

Hinder pRb and HDAC5 interaction

S249/T252 and T821

CDK4/6 and CDK2

[112]

Promote cancer immunity

S249/T252

CDK4/6

[113]

Enhance chromatin decondensation

S838/T841

p38 MAPK

[114]

Promote pRb–E2F1 binding to negatively modulate endoreduplication and
avoid polyploidy formation

S780

Aurora B kinase

[115]

Suppress tumourigenesis

T821

CDK4/6

[176]

Abrogate pRb growth suppression activity and promote cell cycle progression

Promote cell survival

phosphorylation did not contribute to inhibition of pRb
and E2FTD interaction [85]. In contrast, S807/S811 sites
on pRb might serve as priming sites to promote an intermolecular association to facilitate further phosphorylation events [86].
Site-specific phosphorylation on pRb plays crucial
roles in cell cycle regulation (Table 3). During the G0/
G1 transition of the cell cycle, cyclin C-CDK3 phosphorylated pRb at S807/S811 to promote efficient G0 exit
and subsequent G1 phase entry [87]. Additionally, p38γ
MAPK also phosphorylated pRb at S807/S811 to regulate entry into the cell cycle [88]. In early G1 phase, cyclin D-CDK4/6 hypophosphorylated pRb to activate pRb,
which allowed for tightly governing the length of G1
phase, continued binding with E2F and repression of its
activity [89–91], while cyclin E-CDK2 hyperphosphorylated pRb in late G1 phase to dissociate pRb with E2F
and enhance E2F transcriptional activities [89]. During

G1/S phase transition, cyclin D-CDK4/6 docked at the
C-terminal helix of pRb and mediated site-specific phosphorylation of pRb to facilitate dissociation of pRb from
chromatin and activation of E2F1 transcriptional activities [92]. For example, cyclin D1-CDK4 phosphorylated
pRb at S780 or S795 to dissociate E2F1 from pRb and
abrogate pRb growth suppression activity [93, 94], while
cyclin E-CDK2 phosphorylated pRb at S567 within the
pocket domain, resulting in disrupted interaction of
pocket domain A and B and consequent E2F dissociation [95]. Interestingly, pRb was also targeted by CDK5
for phosphorylation at S807/S811, leading to expression
of the E2F-responsive genes and enhanced cell cycle progression [96]. Moreover, cyclin Y-CDK4 phosphorylated
pRb at S780, S795 and S807/S811, leading to pRb inactivation, enhancement of E2F transcriptional activities and
G1/S phase transition [97]. In addition to CDK-mediated pRb phosphorylation during G1/S phase transition,
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other kinases engaged have also been observed. For
example, Raf-1 kinase phosphorylated pRb at S608 and
inactivated it to promote E2F1 transcriptional activities
and cell cycle progression [98, 99]. p38γ MAPK sensitized pRb phosphorylation and inactivation by CDKs at
several known CDK target residues (S807/S811, S780
and T821/T826) to promote cell cycle progression [88].
Human cytomegalovirus (HCMV) UL97 protein with
kinase activities phosphorylated pRb at S780, S807/S811
and T821 and thus inactivated pRb, contributing to cell
cycle progression [100]. Intriguingly, pRb phosphorylation at S612 by BGLF4 kinase disturbed DNA synthesis
and delayed S phase progression [101]. 5ʹ-AMP-activated
protein kinase (AMPK), independent of CDK4/6, directly
phosphorylated pRb at S804 (S811 in human) to transit G2/M phase or exit cell cycle [102]. Taken together,
these studies indicate that functions of pRb in cell cycle
are tightly regulated via site-specific phosphorylation by
distinct kinases.
Phosphorylation of pRb regulates its pro-apoptosis or
pro-survival functions in a cell cycle-independent fashion. On one hand, site-specific pRb phosphorylation
sequesters pRb from E2F, increases E2F transcriptional
activities and triggers cell death. For example, CDK4/6mediated phosphorylation of pRb at S795 enhanced E2F/
DP transcriptional activities, leading to neuron apoptosis in the context of DNA damage or beta-amyloid
accumulation [103, 104]. Under pathological conditions,
CDK5 with enhanced activity cooperated with its coactivator p35 directly promoted pRb phosphorylation at
S780, S795 and S807/S811, and increased E2F transcriptional activities to trigger apoptosis of neurons [105].
In response to Fas stimulation, Gadd45b promoted p38
MAPK-mediated phosphorylation of pRb at S780, leading to cell apoptosis [106]. Under genotoxic stress, p38
MAPK directly phosphorylated pRb at S567 independent
of CDKs and triggered interaction between pRb and the
human homolog of MDM 2, resulting in pRb degradation, dissociation of E2F1 and eventually cellular apoptosis [107]. SAPK/JNK was activated upon γ-irradiation
(IR) and phosphorylated pRb at T821, which resulted
in IR-induced apoptosis [108]. On the other hand, pRb
phosphorylation also promotes cell survival independent
of cell cycle under stress conditions. For example, p38α
MAPK phosphorylated pRb at S249 and T252 to enhance
pRb binding affinity toward E2F1 and retard expression
of E2F-responsive genes, which led to S-phase entry
delay and an increase in cell survival under stress conditions [109]. Abl kinase specifically phosphorylated pRb at
Y805 to partially reduce apoptosis induced by excess level
of pRb expression in Abl-dependent tumour cells [110].
Checkpoint kinases 1/2 (Chk1/2) phosphorylated pRb at
S612 and enhanced pRb–E2F1 complex formation, which
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promoted cell survival and the anti-apoptotic activity
of pRb in response to DNA damages [111]. Collectively,
these studies demonstrate that the negative or positive
apoptosis functions of pRb are modulated by distinct
kinases via site-specific phosphorylation in a contextdependent manner.
Aside from involvement in regulation cell cycle and
apoptosis, pRb is also engaged in several less known
processes, including regulation of transcription and
cancer immunity, chromatin decondensation and cell
mitosis. Phosphorylation on pRb S249/T252 by CDK4/6
and T821 by CDK2 hindered pRb and HDAC5 interaction, which attenuated transcriptional repression activities of pRb [112]. Notably, S249/T252 phosphorylation
by CDK4/6 enhanced pRb interaction with nuclear factor κB (NF-κB) protein p65, which regulated expression of a subset of NF-κB target genes and suppressed
programmed death ligand-1 (PD-L1) expression to promote cancer immunity [113]. p38 MAPK phosphorylated
pRb at S838/T841 upon mimetic T-cell receptor activation, which interfered with the interaction of pRb and
condensin II with chromatin and accelerated chromatin
decondensation via release of pRb and condensin II from
chromatin [114]. Aurora B kinase phosphorylated pRb at
S780 in response to aberrant mitosis to promote pRb–
E2F1 binding and hindered E2F1 promoter activation,
thereby negatively modulating endoreduplication and
avoiding polyploidy formation [115].
pRb is also phosphorylated by other kinases while the
relevant functional outcomes have yet been determined.
For example, pRb was phosphorylated by cell division
cycle 2 (CDC2) kinase in mitotic cell extracts in vitro
[116], whereas the phosphorylation sites and impacts on
pRb functions particularly during mitosis warrant further investigation. Apoptosis signal-regulating kinase 1
(ASK1) was able to bind with pRb through its LXCXE
motif and phosphorylated pRb efficiently in vitro with
the phosphoacceptor residues and functional importance
remaining unknown [117]. The effects of phosphorylation by these kinases on pRb functions, particularly in
various contexts, require further studies.
(B) Dephosphorylation of pRb

Two phosphatases, PP1 and PP2A, dephosphorylate pRb
during cell cycle. PP1 dephosphorylated pRb by competing with cyclins-CDK for pRb binding through an overlapping docking site in the pRbC during mitotic exit and
G1 entry [118–122]. Interestingly, PP1α, an isoform of
PP1, dephosphorylated and activated pRb to delay G1-S
transition, leading to cell growth arrest [123]. PP1 and
PP2A also dephosphorylate pRb in response to distinct
cellular stresses. For example, in Ras-induced cellular
senescence, PP1α associated with NORE1A and further
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interacted with pRb, leading to pRb dephosphorylation
and arrest of cell cycle progression [124]. PP1-mediated
dephosphorylation of pRb was hindered by PP1 nuclear
targeting subunit (PNUTS) through blocking their binding sites on PP1 [125]. PNUTS depletion promoted
PP1-mediated dephosphorylation of pRb, leading to dissociation of E2F1 from pRb and apoptosis [126–128]. In
diploid S phase cells with DNA damages, PP2A dephosphorylated pRb and relocated hypophosphorylated pRb
to selected DNA replication control sites to contain
the abnormal post-damage re-replicative activity [129].
Notably, prolyl isomerase Pin1 could inhibit PP2A activities to enhance hyperphosphorylation of pRb to impede
S phase checkpoint upon S-phase DNA damages [130].
Additionally, PP2A dephosphorylated pRb at T356, T821
and T826, giving rise to S-phase DNA synthesis reduction under oxidative stress [131]. Dephosphorylation of
pRb at T821 was found necessary for apoptosis induction [132], and T821 on pRb is a target of PP2A but not
PP1 [122, 131], hence future studies should confirm if
PP2A plays a role in dephosphorylation of pRb at T821 to
mediate apoptosis.
(A) Acetylation of pRb

Acetylation can be catalyzed by enzymes or non-enzyme
reactions (reactive acetyl derivatives) through transferring an acetyl group to the ε-amino groups of lysine
residues on protein substrates [133]. The enzymatic acetylation is conducted by lysine acetyltransferases (KATs),
while non-enzymatic acetylation requires reactive acetyl
derivatives including acetyl-CoA, acetylphosphate and
acetyladenylate [134–136]. KATs are classified into three
major families: the p300/CBP family, the MYST family
and the Gcn5-related N-acetyltransferase (GNAT) family [137]. A variety of proteins can be modified by KATs,
including histones, transcription factors and nuclear
import factors, to regulate numerous diverse cellular
events involving DNA recognition, protein stability and
protein–protein interaction [138]. Acetylation is reversible and the acetyl groups can be removed from the substrate molecules by lysine deacetylases (KDACs) [139].
Two families of KDACs have been identified and can be
further divided into four classes: the NAD+-dependent
sirtuin family (class III) [140] and the zinc-dependent
Rpd3/Hda1 family (class I, II and IV) [141]. Deacetylation
of proteins has been shown to play essential roles in biological processes including DNA repair, cell fate determination and metabolic regulation [142].
Acetylation of pRb modulates its phosphorylation, protein–protein interaction and control of gene transcription. Initially pRb was found to be acetylated at K873/
K874 by p300/CBP protein with the histone acetyltransferase (HAT) activity during cell cycle progression and
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cell differentiation [22]. The K873/K874 acetylated pRb
impeded its phosphorylation by cyclin E-CDK2 but displayed a stronger binding affinity towards MDM2 than
that of the non-acetylated pRb, whereas the acetylation
of pRb exerted no impact on the association of its pocket
domain with E2F1 [22]. As K873/K874 on pRb are parts
of the CDK-docking sites [143], it is necessary to explore
how K873/K874 acetylation obstructs pRb phosphorylation by cyclin E-CDK2. While in response to etoposidemediated DNA damage, pRb was also acetylated on
K873/K874 and the DNA damage-induced pRb acetylation hindered the association of E2F1 and pRbC [144],
which is distinct from the observation that pRb acetylation at K873/K874 did not influence E2F1–pRb pocket
domain interaction [22], suggesting the context-dependent acetylation has distinct effects on pRb–E2F1 binding.
Additionally, upon adenovirus infection, E1A sequestered pRb from E2F transcription factor and enhanced
p300-mediated K873/K874 acetylation of pRb, acetylated
form of which formed a ternary repressing complex with
p300 and E1A to condense chromatin, resulting in specific repression of host genes with high p300 association
that interfered with efficient virus infection, such as the
TGFβ-, TNF-, and interleukin-signaling pathway components [145].
Acetylation of pRb affects its functions in regulating
cell differentiation. During cell differentiation, pRb was
acetylated at K873/K874 by p300-Associated Factor (P/
CAF) and P/CAF could cooperate with p300 to enhance
the pRb acetylation, which exerted no impact on pRbmediated acute cell cycle arrest or repressive function of
pRb on E2F transcriptional activities [146]. Nonetheless,
the acetylated pRb collaborated with MyoD transcription factor for permanent cell cycle exit and induction of
late differentiation gene expression, where acetylated pRb
increasingly associated with MDM2 to promote degradation of the MyoD repressor E1A-like inhibitor of differentiation (EID-1) [146]. As acetylated pRb showed stronger
binding affinity toward MDM2 during cell differentiation [22, 146], it would be interesting to identify its other
potential binding partners and the relevant biological
effects. Notably, in differentiating human keratinocytes,
pRb acetylation at K873/K874 was mediated by nuclear
P/CAF but not p300 without affecting either the repression activity of pRb on E2F1 or pRb stability [147].
Instead, the acetylated pRb translocated into the nucleus
to maintain the differentiated state of keratinocytes [147].
Although K873/K874 acetylation of pRb has been shown
to be mediated by both p300 and P/CAF [22, 146], the
major mediator of the pRb acetylation in cell differentiation appears to be P/CAF. Further investigations are
warranted to confirm the principal role of P/CAF in pRb
acetylation in cell differentiation.
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Acetylation of pRb modulates its protein stability in
a context-dependent manner. For example, HPV16 E7
oncoprotein engaged in p300/CBP-mediated pRb acetylation to destabilize pRb, where the full-length E7 dimer
formed a ternary complex with pRb and the TAZ2
domain of p300/CBP to promote pRb acetylation and
its subsequent degradation [148]. Besides, upon genotoxic damages induced by melphalan, tumour suppressor
p14ARF blocked HAT Tip60-mediated acetylation of pRb
on its C-terminus and promoted accumulation of hypoacetylated pRb, preventing pRb from subsequent proteasomal proteolysis and therefore stabilizing pRb [149],
which indicated destabilization of pRb due to acetylation.
However, the exact lysine residues on pRb acetylated by
Tip60 have not been identified while they should not be
K873/K874 as acetylated by p300 and P/CAF. These studies suggest acetylation promotes pRb protein turnover in
a context dependent manner.
(B) Deacetylation of pRb

Deacetylation of pRb promotes its phosphorylation to
modulate its functions in cell cycle regulation. Deacetylation of pRb on lysine residues by deacetylase sirtuin1
(SIRT1) was first identified in an in vitro assay [150].
In cells arrested via contact inhibition or in cells with
etoposide-induced DNA damages, pRb was increasingly
acetylated, and the acetylation was in an inverse correlation with pRb phosphorylation and could be reversed
by SIRT1 [150], suggesting acetylation might impede
phosphorylation of pRb. Later, another study showed
that enforced SIRT1 expression promoted pRb phosphorylation at S795 to suppress cellular senescence in human
diploid fibroblasts [151]. Moreover, SIRT1-mediated
deacetylation promoted pRb phosphorylation and E2F1mediated S-phase entry in murine renal epithelial cells
[152]. Also in haploinsufficiency-induced senescence
(HIS) in BRCA1mut/+ human mammary epithelial cells,
misregulation of SIRT1 increased acetylation of pRb
and a decline in its phosphorylation, which resulted in
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pRb-dependent HIS premature senescence [153]. Taken
together, these investigations demonstrate that acetylation hinders pRb phosphorylation to modulate its functions in cell cycle regulation.
(A) Methylation of pRb

Methylation on the ε-amine of a lysine side chain of proteins was first identified in a bacterial flagellar protein
and later in calf thymus histone proteins [154, 155]. This
process is catalyzed by protein lysine (K) methyltransferases (PKMTs) to transfer a methyl group from the
methyl donor, S-adenosylmethionine (SAM), to the terminal side-chain ε-amine of lysine residues of the protein substrate [156]. The ε-amine of lysine residues can
be modified with up to three methyl groups to generate
three states of mono-, di- or tri-methylation with different functional outcomes depending on the recruitment
of binding proteins [157]. Two groups of PKMTs have
been identified. One is the SET-domain proteins which
harbor a catalytic SET [SU(var)3–9, Enhancer of zeste
and Trithorax] domain and mostly favor in targeting
lysines in the flexible tails of histones. The other group
is the seven-β-strand (7βS) family which can methylate
a wide spectrum of substrates including proteins, lipids
and nucleic acids [158, 159]. PKMTs are characterized
to “write” while lysine demethylases (KDMs) and effector proteins to “erase” and “read” lysine methylation,
respectively [160]. Functionally, lysine methylation plays
substantial roles in protein–protein interaction [161],
protein stability [162], protein subcellular localization
[163] and protein–DNA interaction [164]. Similar to
most of the PTMs, lysine methylation is reversible and
the methyl groups on lysine residues can be removed by
KDMs to reach a dynamic balance [165].
pRb is methylated by several methyltransferases to
modulate its functions in cell cycle progression regulation, differentiation and DNA damage response
(Table 4). Under etoposide induced DNA damage, pRb was highly methylated at K810 by Set7/9

Table 4 pRb methylation and relevant functional outcomes
Site

Methyltransferases/ Functional outcomes
effector proteins

K810 Set7/9
SMYD2

References

Suppress E2F1 transcriptional activity and arrest cell cycle progression

[166]

Enhance E2F1 transcriptional activity and accelerate cell cycle progression

[23]

53BP1

Facilitate pRb to integrate cell cycle control and DNA damage response

[171]

PHF20L1

Negatively regulate E2F-responsive genes for pRb-mediated G1/S checkpoint control

[172]

K873 Set7/9

Repress E2F1-responsive gene expression, arrest cell cycle progression and promote cell differentiation

[167]

K860 SMYD2

Facilitate pRb binding with L3MBTL1

[169]

R787 PRMT4

Disrupt pRb binding with E2F1, enhance E2F1 transcriptional activation and promote cell cycle progres‑
sion

[173]
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methyltransferase, which antagonized phosphorylation at sites throughout the pRb protein to maintain
pRb in a hypophosphorylated active state, suppressing
E2F1 transcriptional activities and consequently arresting cell cycle progression [166]. Interestingly, Set7/9
also methylated pRb at K873 both in vitro and in vivo
without DNA damage, which facilitated repression of
E2F1-responsive gene expression and consequently led
to cell cycle arrest [167]. Besides, the K873-methylated
pRb interacted with heterochromatin protein 1 (HP1)
in a Set7/9 dependent fashion to enhance the suppressive effects of pRb on E2F1 transcription activities
and promote cell differentiation [167]. It is unclear if
K873 methylation by Set7/9 obstructs pRb phosphorylation for suppressive activity on E2F1 transcription
activities. Methylation of pRb at K810 was also mediated by SMYD2 in unperturbed cells to promote pRb
phosphorylation at S807/S811, which enhanced E2F1
transcriptional activities and further accelerated cell
cycle progression [168]. Nonetheless, the effect of K810
methylation on pRb by SMYD2 differs from that mediated by methyltransferase Set7/9 under etoposidemediated DNA damage, suggesting that under different
conditions, the K810 residue on pRb can be methylated via various methyltransferases to affect its phosphorylation and lead to different functional outcomes.
Furthermore, SMYD2 also mono-methylated pRb at
K860 during cell cycle re-entry, in cell differentiation
and DNA-damage response, and mono-methylation of
pRb at K860 facilitated its direct interaction with the
methyl-binding domain of the transcriptional repressor
L3MBTL1 [169]. As L3MBTL1 is able to associate with
and inhibit the transcription of some E2F1 target genes
[170], future studies are warranted to test the possibility that SMYD2-mediated pRb mono-methylation
might recruit it to the promoters of specific pRb/E2F
target genes to repress their transcription.
Some effector proteins have recently been identified to
read lysine methylation on pRb. For example, in response
to DNA damage, p53 binding protein 1 (53BP1) was
recruited and specifically read K810 di-methylated pRb
via its tandem tudor domain to act on the promoters of
E2F-target genes, facilitating pRb to integrate cell cycle
control and DNA damage response [171]. In contrast,
in unperturbed cells, tudor-domain protein PHD-finger
protein 20-like 1 (PHF20L1) selectively interacted with
pRb and read pRb K810 mono-methylation by recruiting
the MOF acetyltransferase complex [172]. The PHF20L1MOF complex along with K810 mono-methylated pRb
acted on E2F-responsive promoters, where MOF acetyltransferase complex might negatively regulate E2Fresponsive genes for pRb-mediated G1/S checkpoint
control [172].
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Apart from lysine methylation, arginine residues on
pRb have also been shown to be methylated. For example,
protein arginine methyltransferase 4 (PRMT4) interacted
with pRb and methylated several arginine residues on
pRbC, among which some arginine residues were found
methylated in vitro, such as R775, R787 and R798, while
only R787 was identified to be methylated in vivo [173].
The R787 arginine methylation of pRb promoted pRb
phosphorylation at its C-terminal domain and disrupted
its binding with E2F1, giving rise to E2F1 transcriptional
activation and enhanced cell cycle progression [173].
Future works should further address if these arginine
residues are methylated to modulate pRb functions under
specific conditions.
(B) Demethylation of pRb

Demethylation on pRb protein has also been reported.
Jumonji domain containing 3 (JMJD3), a histone demethylase, interacted with pRb via its demethylase domain
JmjC and demethylated pRb at K810, which hindered
pRb interaction with CDK4 and decreased its phosphorylation at S807/S811 [174]. The resultant hypophosphorylated pRb repressed E2F target gene expression,
contributing to cellular senescence and senescence-associated heterochromatin foci (SAHF) formation induced
by activated oncogene H-Ras (H-RasV12) in human diploid fibroblasts WI38 [174]. This study provides further
evidence that demethylation/methylation can crosstalk
with phosphorylation of pRb protein at specific residues
to modulate pRb functions.

Conclusions and future perspectives
pRb is a multifunctional protein with impacts on cell
proliferation, cell survival and differentiation. PTMs
frequently modify pRb to regulate pRb functions
through diverse mechanisms under different physiological and pathological settings (Fig. 2). Phosphorylation is the most extensively investigated form of PTMs
modulating pRb functions in cell cycle regulation,
whereas there are still many intriguing effects of pRb
phosphorylation to be verified. For example, proteomics analyses revealed that pRb functions and its interactions with specific sets of proteins in G1-phase cells
are finely modulated through mono-phosphorylation
on any one of the 14 sites, indicating distinct transcriptional outputs beyond the E2F regulation [175]. Under
different cellular contexts, these phosphorylated forms
of pRb might play important roles in regulating various
cellular processes. Furthermore, hyperphosphorylated
pRb can also have inhibitory effects on tumourigenesis.
T821 hyperphosphorylation of pRb unexpectedly suppress tumourigenesis via the inhibition of mTORC2mediated activation of Akt partly through pRb binding
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Fig. 2 Summary of posttranslational modification sites on pRb. Sites of phosphorylation, SUMOylation, methylation and acetylation on pRb with
reported functional outputs are shown, while sites of ubiquitination on pRb identified by mass spectrometry without documented functional
outcomes are also shown. N and C indicate the N- and C-terminals of the protein

with Sin1 [176]. This finding provides new information that pRb hyperphosphorylation can not only lead
to uncontrolled cell proliferation and carcinogenesis
but also might give rise to tumour suppression. Additionally, although pRb is widely accepted as a nuclear
protein, its presence in mitochondria has also been
reported and S807 phosphorylation of pRb in mitochondria protected C33A cells from apoptosis via association with Bax [177]. These intriguing new functions
of pRb modulated by phosphorylation should be further validated and might lead to novel therapeutic targets for disease treatment in the future.
In comparison to phosphorylation, effects of other
PTMs, including ubiquitination, SUMOylation, acetylation and methylation, on pRb functions are less understood. Many questions regarding the regulation of pRb
functions by these PTMs remain to be addressed, particularly about the cellular contexts in which specific
sites are modified and what complexes are formed or
disrupted to execute relevant functions. In addition,
it is unclear if there are any potential adaptor proteins
that may bind to specific modification sites and engage
in these modifications to influence pRb functions. Furthermore, competitions may exist between PTMs as
some sites on pRb can be modified by different PTMs.
K810 on pRb has been reported to be ubiquitinated in
HEK293T cells despite the relevant functional outputs
remain unclear [51]. This site can also be methylated
by Set7/9 and SMYD2 as documented in other studies
[23, 166]. Therefore, under specific contexts, one PTM
might override another to play predominant roles in
regulating pRb functions.

Studies on modulation of pRb functions by crosstalk of PTMs are also very limited thus far. PTMs may
work together to synergistically regulate pRb functions
in various cellular processes. SUMOylation enhanced
pRb phosphorylation at early G1 phase to promote cell
cycle progression [21]. Methylation also promoted pRb
phosphorylation and therefore cell cycle progression
[23]. On the other hand, PTMs may also antagonize
one another under various cellular contexts. Methylation impeded pRb phosphorylation and thus cell cycle
progression under DNA damaged conditions [166]. Different and diverse cellular contexts also account for the
complicated crosstalk of PTMs to regulate pRb functions. Future studies should focus on proteomics and
functional studies to explore the impacts of these PTMs
and their crosstalk on pRb functions, which should
provide opportunities for identifying novel targets for
designing therapeutics to treat various human diseases
with a higher specificity.
Acknowledgements
Not applicable.
Author contributions
LZ and WKC review previous related publications. The first draft of the
manuscript was written by LZ and WKC and all authors commented on
previous versions of the manuscript. All authors read and approved the final
manuscript.
Funding
This work was supported by the Health and Medical Research Fund, The Food
and Health Bureau, The Government of the Hong Kong Special Administrative
Region (07180306 and PR-HKCH-8 to J.C.Y, and 06170896 to C.P.P.).
Availability of data and materials
Not applicable.

Zhou et al. Journal of Biomedical Science

(2022) 29:33

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Ophthalmology & Visual Sciences, The Chinese University
of Hong Kong, Hong Kong, China. 2 Hong Kong Hub of Paediatric Excellence,
The Chinese University of Hong Kong, Hong Kong, China. 3 Department
of Ophthalmology & Visual Sciences, The Chinese University of Hong Kong,
Hong Kong Eye Hospital, 147K Argyle Street, Kowloon, Hong Kong, China.
Received: 30 January 2022 Accepted: 26 May 2022

References
1. Sherr CJ. Cancer cell cycles. Science (New York, NY).
1996;274(5293):1672–7.
2. Ho A, Dowdy SF. Regulation of G(1) cell-cycle progression by
oncogenes and tumor suppressor genes. Curr Opin Genet Dev.
2002;12(1):47–52.
3. Sachdeva UM, O’Brien JM. Understanding pRb: toward the necessary
development of targeted treatments for retinoblastoma. J Clin Investig.
2012;122(2):425–34.
4. Chauveinc L, Mosseri V, Quintana E, Desjardins L, Schlienger P, Doz F,
et al. Osteosarcoma following retinoblastoma: age at onset and latency
period. Ophthalmic Genet. 2001;22(2):77–88.
5. Dyson NJ. RB1: a prototype tumor suppressor and an enigma. Gene
Dev. 2016;30(13):1492–502.
6. Lee JO, Russo AA, Pavletich NP. Structure of the retinoblastoma tumoursuppressor pocket domain bound to a peptide from HPV E7. Nature.
1998;391(6670):859–65.
7. Hassler M, Singh S, Yue WW, Luczynski M, Lakbir R, Sanchez-Sanchez F,
et al. Crystal structure of the retinoblastoma protein N domain provides
insight into tumor suppression, ligand interaction, and holoprotein
architecture. Mol Cell. 2007;28(3):371–85.
8. Lee C, Chang JH, Lee HS, Cho Y. Structural basis for the recognition of
the E2F transactivation domain by the retinoblastoma tumor suppres‑
sor. Gene Dev. 2002;16(24):3199–212.
9. Xiao B, Spencer J, Clements A, Ali-Khan N, Mittnacht S, Broceño C,
et al. Crystal structure of the retinoblastoma tumor suppressor protein
bound to E2F and the molecular basis of its regulation. Proc Natl Acad
Sci USA. 2003;100(5):2363–8.
10. Rubin SM, Gall AL, Zheng N, Pavletich NP. Structure of the Rb C-terminal
domain bound to E2F1-DP1: a mechanism for phosphorylationinduced E2F release. Cell. 2005;123(6):1093–106.
11. Kim HY, Ahn BY, Cho Y. Structural basis for the inactivation of
retinoblastoma tumor suppressor by SV40 large T antigen. EMBO J.
2001;20(1–2):295–304.
12. Classon M, Harlow E. The retinoblastoma tumour suppressor in devel‑
opment and cancer. Nat Rev Cancer. 2002;2(12):910–7.
13. Dyson N. The regulation of E2F by pRB-family proteins. Gene Dev.
1998;12(15):2245–62.
14. Giacinti C, Giordano A. RB and cell cycle progression. Oncogene.
2006;25(38):5220–7.
15. Sherr CJ, McCormick F. The RB and p53 pathways in cancer. Cancer Cell.
2002;2(2):103–12.
16. Wikenheiser-Brokamp KA. Retinoblastoma regulatory pathway in lung
cancer. Curr Mol Med. 2006;6(7):783–93.
17. Burkhart DL, Sage J. Cellular mechanisms of tumour suppression by the
retinoblastoma gene. Nat Rev Cancer. 2008;8(9):671–82.

Page 13 of 16

18. Venne AS, Kollipara L, Zahedi RP. The next level of complex‑
ity: crosstalk of posttranslational modifications. Proteomics.
2014;14(4–5):513–24.
19. Hitosugi T, Chen J. Post-translational modifications and the Warburg
effect. Oncogene. 2014;33(34):4279–85.
20. Macdonald JI, Dick FA. Posttranslational modifications of the retino‑
blastoma tumor suppressor protein as determinants of function.
Genes Cancer. 2012;3(11–12):619–33.
21. Meng F, Qian J, Yue H, Li X, Xue K. SUMOylation of Rb enhances its
binding with CDK2 and phosphorylation at early G1 phase. Cell
Cycle. 2016;15(13):1724–32.
22. Chan HM, Krstic-Demonacos M, Smith L, Demonacos C, La Thangue
NB. Acetylation control of the retinoblastoma tumour-suppressor
protein. Nat Cell Biol. 2001;3(7):667–74.
23. Cho HS, Hayami S, Toyokawa G, Maejima K, Yamane Y, Suzuki T, et al.
RB1 methylation by SMYD2 enhances cell cycle progression through
an increase of RB1 phosphorylation. Neoplasia. 2012;14(6):476–86.
24. Uchida C, Miwa S, Kitagawa K, Hattori T, Isobe T, Otani S, et al.
Enhanced Mdm2 activity inhibits pRB function via ubiquitin-depend‑
ent degradation. EMBO J. 2005;24(1):160–9.
25. Knight JS, Sharma N, Robertson ES. Epstein–Barr virus latent antigen
3C can mediate the degradation of the retinoblastoma protein
through an SCF cellular ubiquitin ligase. Proc Natl Acad Sci USA.
2005;102(51):18562–6.
26. Damgaard RB. The ubiquitin system: from cell signalling to disease
biology and new therapeutic opportunities. Cell Death Differ.
2021;28(2):423–6.
27. Sewduth RN, Baietti MF, Sablina AA. Cracking the monoubiquitin
code of genetic diseases. Int J Mol Sci. 2020;21(9):3036.
28. Akutsu M, Dikic I, Bremm A. Ubiquitin chain diversity at a glance. J
Cell Sci. 2016;129(5):875–80.
29. Baur R, Rape M. Getting close: insight into the structure and function
of K11/K48-branched ubiquitin chains. Structure. 2020;28(1):1–3.
30. Yao TT, Ndoja A. Regulation of gene expression by the ubiquitinproteasome system. Semin Cell Dev Biol. 2012;23(5):523–9.
31. Kang J, Chung KC. The F-box protein FBXO7 positively regulates bone
morphogenetic protein-mediated signaling through Lys-63-specific
ubiquitination of neurotrophin receptor-interacting MAGE (NRAGE).
Cell Mol Life Sci. 2015;72(1):181–95.
32. Clague MJ, Heride C, Urbe S. The demographics of the ubiquitin
system. Trends Cell Biol. 2015;25(7):417–26.
33. Zheng N, Shabek N. Ubiquitin ligases: structure, function, and regula‑
tion. Annu Rev Biochem. 2017;86:129–57.
34. Antao AM, Tyagi A, Kim KS, Ramakrishna S. Advances in deubiquit‑
inating enzyme inhibition and applications in cancer therapeutics.
Cancers. 2020;12(6):1579.
35. Hu Q, Ye Y, Chan LC, Li Y, Liang K, Lin A, et al. Oncogenic lncRNA
downregulates cancer cell antigen presentation and intrinsic tumor
suppression. Nat Immunol. 2019;20(7):835–51.
36. Khanna R, Krishnamoorthy V, Parnaik VK. E3 ubiquitin ligase
RNF123 targets lamin B1 and lamin-binding proteins. FEBS J.
2018;285(12):2243–62.
37. Wang Y, Zheng Z, Zhang J, Wang Y, Kong R, Liu J, et al. A novel
retinoblastoma protein (RB) E3 ubiquitin ligase (NRBE3) promotes RB
degradation and is transcriptionally regulated by E2F1 transcription
factor. J Biol Chem. 2015;290(47):28200–13.
38. Liu HJ, Wang JN, Liu Y, Hu LL, Zhang CF, Xing BC, et al. Human U3 pro‑
tein14a is a novel type ubiquitin ligase that binds RB and promotes
RB degradation depending on a leucine-rich region. Bba-Mol Cell
Res. 2018;1865(11):1611–20.
39. Miwa S, Uchida C, Kitagawa K, Hattori T, Oda T, Sugimura H, et al.
Mdm2-mediated pRB downregulation is involved in carcinogenesis
in a p53-independent manner. Biochem Biophys Res Commun.
2006;340(1):54–61.
40. Sdek P, Ying H, Chang DL, Qiu W, Zheng H, Touitou R, et al. MDM2
promotes proteasome-dependent ubiquitin-independent degrada‑
tion of retinoblastoma protein. Mol Cell. 2005;20(5):699–708.
41. Hernandez-Monge J, Martínez-Sánchez M, Rousset-Roman A,
Medina-Medina I, Olivares-Illana V. MDM2 regulates RB levels during
genotoxic stress. EMBO Rep. 2021;22(1):e50615.

Zhou et al. Journal of Biomedical Science

(2022) 29:33

42. Li Y, Wang L, Liu X, Zhang C, Du X, Xing B. NIR promotes progression of
colorectal cancer through regulating RB. Biochim Biophys Acta Mol Cell
Res. 2021;1868(1):118856.
43. Heyne K, Forster J, Schule R, Roemer K. Transcriptional repressor NIR
interacts with the p53-inhibiting ubiquitin ligase MDM2. Nucleic Acids
Res. 2014;42(6):3565–79.
44. Uchida C, Miwa S, Isobe T, Kitagawa K, Hattori T, Oda T, et al. Effects
of MdmX on Mdm2-mediated downregulation of pRB. FEBS Lett.
2006;580(7):1753–8.
45. Zhang H, Hu L, Qiu W, Deng T, Zhang Y, Bergholz J, et al. MDMX exerts
its oncogenic activity via suppression of retinoblastoma protein. Onco‑
gene. 2015;34(44):5560–9.
46. Dyson N, Howley PM, Münger K, Harlow E. The human papilloma virus16 E7 oncoprotein is able to bind to the retinoblastoma gene product.
Science. 1989;243(4893):934–7.
47. Weinberg RA. The Retinoblastoma Protein and Cell-Cycle Control. Cell.
1995;81(3):323–30.
48. Huh K, Zhou XB, Hayakawa H, Cho JY, Libermann TA, Jin JP, et al. Human
papillomavirus type 16 E7 oncoprotein associates with the cullin 2
ubiquitin ligase complex, which contributes to degradation of the
retinoblastoma tumor suppressor. J Virol. 2007;81(18):9737–47.
49. Munakata T, Nakamura M, Liang Y, Li K, Lemon SM. Down-regulation
of the retinoblastoma tumor suppressor by the hepatitis C virus
NS5B RNA-dependent RNA polymerase. Proc Natl Acad Sci USA.
2005;102(50):18159–64.
50. Munakata T, Liang Y, Kim S, McGivern DR, Huibregtse J, Nomoto A, et al.
Hepatitis C virus induces E6AP-dependent degradation of the retino‑
blastoma protein. PLoS Pathog. 2007;3(9):1335–47.
51. Wagner SA, Beli P, Weinert BT, Nielsen ML, Cox J, Mann M, et al.
A proteome-wide, quantitative survey of in vivo ubiquitylation
sites reveals widespread regulatory roles. Mol Cell Proteomics.
2011;10(10):M111.013284.
52. Udeshi ND, Svinkina T, Mertins P, Kuhn E, Mani DR, Qiao JW, et al.
Refined preparation and use of anti-diglycine remnant (K-epsilon-GG)
antibody enables routine quantification of 10,000s of ubiquitina‑
tion sites in single proteomics experiments. Mol Cell Proteomics.
2013;12(3):825–31.
53. Povlsen LK, Beli P, Wagner SA, Poulsen SL, Sylvestersen KB, Poulsen JW,
et al. Systems-wide analysis of ubiquitylation dynamics reveals a key
role for PAF15 ubiquitylation in DNA-damage bypass. Nat Cell Biol.
2012;14(10):1089–98.
54. Boeing S, Williamson L, Encheva V, Gori I, Saunders RE, Instrell R, et al.
Multiomic analysis of the UV-induced DNA damage response. Cell Rep.
2016;15(7):1597–610.
55. Akimov V, Barrio-Hernandez I, Hansen SVF, Hallenborg P, Pedersen AK,
Bekker-Jensen DB, et al. UbiSite approach for comprehensive map‑
ping of lysine and N-terminal ubiquitination sites. Nat Struct Mol Biol.
2018;25(7):631–40.
56. Kim W, Bennett EJ, Huttlin EL, Guo A, Li J, Possemato A, et al. Systematic
and quantitative assessment of the ubiquitin-modified proteome. Mol
Cell. 2011;44(2):325–40.
57. Bhattacharya S, Ghosh MK. HAUSP, a novel deubiquitinase for RbMDM2 the critical regulator. FEBS J. 2014;281(13):3061–78.
58. Yang Y, He Y, Wang X, Liang Z, He G, Zhang P, et al. Protein SUMOyla‑
tion modification and its associations with disease. Open Biol.
2017;7(10):170167.
59. Li N, Zhang S, Xiong F, Eizirik DL, Wang CY. SUMOylation, a multifaceted
regulatory mechanism in the pancreatic beta cells. Semin Cell Dev Biol.
2020;103:51–8.
60. Xie M, Yu J, Ge S, Huang J, Fan X. SUMOylation homeostasis in tumori‑
genesis. Cancer Lett. 2020;469:301–9.
61. Chang HM, Yeh ETH. Sumo: From bench to bedside. Physiol Rev.
2020;100(4):1599–619.
62. Liu JCY, Kühbacher U, Larsen NB, Borgermann N, Garvanska DH, Hen‑
driks IA, et al. Mechanism and function of DNA replication-independent
DNA-protein crosslink repair via the SUMO-RNF4 pathway. EMBO J.
2021;40(18):e107413.
63. Lin Q, Yu B, Wang X, Zhu S, Zhao G, Jia M, et al. K6-linked SUMOylation
of BAF regulates nuclear integrity and DNA replication in mammalian
cells. Proc Natl Acad Sci USA. 2020;117(19):10378–87.

Page 14 of 16

64. Kroonen JS, Vertegaal ACO. Targeting SUMO signaling to wrestle cancer.
Trends Cancer. 2021;7(6):496–510.
65. El Motiam A, Vidal S, de la Cruz-Herrera CF, Da Silva-Álvarez S, BazMartínez M, Seoane R, et al. Interplay between SUMOylation and
NEDDylation regulates RPL11 localization and function. FASEB J.
2019;33(1):643–51.
66. Ledl A, Schmidt D, Muller S. Viral oncoproteins E1A and E7 and cellular
LxCxE proteins repress SUMO modification of the retinoblastoma
tumor suppressor. Oncogene. 2005;24(23):3810–8.
67. Narasimha AM, Kaulich M, Shapiro GS, Choi YJ, Sicinski P, Dowdy SF.
Cyclin D activates the Rb tumor suppressor by mono-phosphorylation.
Elife. 2014;3:e02872.
68. Marcos-Villar L, Gallego P, Munoz-Fontela C, de la Cruz-Herrera CF,
Campagna M, Gonzalez D, et al. Kaposi’s sarcoma-associated herpesvi‑
rus lana2 protein interacts with the pocket proteins and inhibits their
sumoylation. Oncogene. 2014;33(4):495–503.
69. Li T, Santockyte R, Shen RF, Tekle E, Wang G, Yang DC, et al. Expression
of SUMO-2/3 induced senescence through p53- and pRB-mediated
pathways. J Biol Chem. 2006;281(47):36221–7.
70. Chang PC, Izumiya Y, Wu CY, Fitzgerald LD, Campbell M, Ellison TJ, et al.
Kaposi’s sarcoma-associated herpesvirus (KSHV) encodes a SUMO E3
ligase that is SIM-dependent and SUMO-2/3-specific. J Biol Chem.
2010;285(8):5266–73.
71. Sharma P, Kuehn MR. SENP1-modulated sumoylation regulates ret‑
inoblastoma protein (RB) and Lamin A/C interaction and stabilization.
Oncogene. 2016;35(50):6429–38.
72. Zhou M, Lin F, Xu W, Jin R, Xu A. Decreased SUMOylation of the retino‑
blastoma protein in keratinocytes during the pathogenesis of vitiligo.
Mol Med Rep. 2018;18(3):3469–75.
73. Hunter T. Why nature chose phosphate to modify proteins. Philos Trans
R Soc Lond B Biol Sci. 2012;367(1602):2513–6.
74. Humphrey SJ, James DE, Mann M. Protein phosphorylation: a major
switch mechanism for metabolic regulation. Trends Endocrinol
Metabol. 2015;26(12):676–87.
75. Ge C, Zhao G, Li Y, Li H, Zhao X, Pannone G, et al. Role of Runx2 phos‑
phorylation in prostate cancer and association with metastatic disease.
Oncogene. 2016;35(3):366–76.
76. Ardito F, Giuliani M, Perrone D, Troiano G, Lo ML. The crucial role of pro‑
tein phosphorylation in cell signaling and its use as targeted therapy
(Review). Int J Mol Med. 2017;40(2):271–80.
77. Day EK, Sosale NG, Lazzara MJ. Cell signaling regulation by protein
phosphorylation: a multivariate, heterogeneous, and context-depend‑
ent process. Curr Opin Biotechnol. 2016;40:185–92.
78. Singh V, Ram M, Kumar R, Prasad R, Roy BK, Singh KK. Phosphorylation:
implications in cancer. Protein J. 2017;36(1):1–6.
79. Vainonen JP, Momeny M, Westermarck J. Druggable cancer phos‑
phatases. Sci Transl Med. 2021;13(588):eabe2967.
80. Virshup DM, Shenolikar S. From promiscuity to precision: protein phos‑
phatases get a makeover. Mol Cell. 2009;33(5):537–45.
81. Knudsen ES, Wang JY. Differential regulation of retinoblastoma
protein function by specific Cdk phosphorylation sites. J Biol Chem.
1996;271(14):8313–20.
82. Zarkowska T, Mittnacht S. Differential phosphorylation of the retino‑
blastoma protein by G1/S cyclin-dependent kinases. J Biol Chem.
1997;272(19):12738–46.
83. Burke JR, Deshong AJ, Pelton JG, Rubin SM. Phosphorylation-induced
conformational changes in the retinoblastoma protein inhibit E2F
transactivation domain binding. J Biol Chem. 2010;285(21):16286–93.
84. Burke JR, Hura GL, Rubin SM. Structures of inactive retinoblastoma
protein reveal multiple mechanisms for cell cycle control. Genes Dev.
2012;26(11):1156–66.
85. Burke JR, Liban TJ, Restrepo T, Lee HW, Rubin SM. Multiple mechanisms
for E2F binding inhibition by phosphorylation of the retinoblastoma
protein C-terminal domain. J Mol Biol. 2014;426(1):245–55.
86. Rubin SM. Deciphering the retinoblastoma protein phosphorylation
code. Trends Biochem Sci. 2013;38(1):12–9.
87. Ren S, Rollins BJ. Cyclin C/cdk3 promotes Rb-dependent G0 exit. Cell.
2004;117(2):239–51.
88. Tomas-Loba A, Manieri E, Gonzalez-Teran B, Mora A, Leiva-Vega L, San‑
tamans AM, et al. p38gamma is essential for cell cycle progression and
liver tumorigenesis. Nature. 2019;568(7753):557–60.

Zhou et al. Journal of Biomedical Science

(2022) 29:33

89. Ezhevsky SA, Ho A, Becker-Hapak M, Davis PK, Dowdy SF. Dif‑
ferential regulation of retinoblastoma tumor suppressor protein
by G(1) cyclin-dependent kinase complexes in vivo. Mol Cell Biol.
2001;21(14):4773–84.
90. Ezhevsky SA, Nagahara H, Vocero-Akbani AM, Gius DR, Wei MC, Dowdy
SF. Hypo-phosphorylation of the retinoblastoma protein (pRb) by cyclin
D:Cdk4/6 complexes results in active pRb. Proc Natl Acad Sci USA.
1997;94(20):10699–704.
91. Dong P, Zhang C, Parker B-T, You L, Mathey-Prevot B. Cyclin D/
CDK4/6 activity controls G1 length in mammalian cells. PLoS ONE.
2018;13(1):e0185637.
92. Topacio BR, Zatulovskiy E, Cristea S, Xie S, Tambo CS, Rubin SM, et al.
Cyclin D-Cdk 4,6 drives cell-cycle progression via the retinoblastoma
protein’s C-terminal helix. Mol Cell. 2019;74(4):758-70.e4.
93. Connell-Crowley L, Harper JW, Goodrich DW. Cyclin D1/Cdk4 regulates
retinoblastoma protein-mediated cell cycle arrest by site-specific phos‑
phorylation. Mol Biol Cell. 1997;8(2):287–301.
94. Kitagawa M, Higashi H, Jung HK, Suzuki-Takahashi I, Ikeda M, Tamai K,
et al. The consensus motif for phosphorylation by cyclin D1-Cdk4 is
different from that for phosphorylation by cyclin A/E-Cdk2. EMBO J.
1996;15(24):7060–9.
95. Harbour JW, Luo RX, Dei Santi A, Postigo AA, Dean DC. Cdk phosphoryl‑
ation triggers sequential intramolecular interactions that progressively
block Rb functions as cells move through G1. Cell. 1999;98(6):859–69.
96. Pozo K, Castro-Rivera E, Tan C, Plattner F, Schwach G, Siegl V, et al.
The role of Cdk5 in neuroendocrine thyroid cancer. Cancer Cell.
2013;24(4):499–511.
97. Chen L, Wang X, Cheng H, Zhang W, Liu Y, Zeng W, et al. Cyclin Y binds
and activates CDK4 to promote the G1/S phase transition in hepatocel‑
lular carcinoma cells via Rb signaling. Biochem Biophys Res Commun.
2020;533(4):1162–9.
98. Dasgupta P, Sun J, Wang S, Fusaro G, Betts V, Padmanabhan J, et al.
Disruption of the Rb–Raf-1 interaction inhibits tumor growth and
angiogenesis. Mol Cell Biol. 2004;24(21):9527–41.
99. Rashid A, Wang R, Zhang L, Yue J, Yang M, Yen A. Dissecting the novel
partners of nuclear c-Raf and its role in all-trans retinoic acid (ATRA)induced myeloblastic leukemia cells differentiation. Exp Cell Res.
2020;394(1):111989.
100. Hume AJ, Finkel JS, Kamil JP, Coen DM, Culbertson MR, Kalejta
RF. Phosphorylation of retinoblastoma protein by viral protein
with cyclin-dependent kinase function. Science (New York, NY).
2008;320(5877):797–9.
101. Chang Y-H, Lee C-P, Su M-T, Wang J-T, Chen J-Y, Lin S-F, et al. Epstein–
Barr virus BGLF4 kinase retards cellular S-phase progression and
induces chromosomal abnormality. PLoS ONE. 2012;7(6):e39217.
102. Dasgupta B, Milbrandt J. AMP-activated protein kinase phosphorylates
retinoblastoma protein to control mammalian brain development. Dev
Cell. 2009;16(2):256–70.
103. Park DS, Morris EJ, Bremner R, Keramaris E, Padmanabhan J, Rosenbaum
M, et al. Involvement of retinoblastoma family members and E2F/DP
complexes in the death of neurons evoked by DNA damage. J Neurosci.
2000;20(9):3104–14.
104. Giovanni A, Wirtz-Brugger F, Keramaris E, Slack R, Park DS. Involvement
of cell cycle elements, cyclin-dependent kinases, pRb, and E2F x DP, in
B-amyloid-induced neuronal death. J Biol Chem. 1999;274(27):19011–6.
105. Futatsugi A, Utreras E, Rudrabhatla P, Jaffe H, Pant HC, Kulkarni AB.
Cyclin-dependent kinase 5 regulates E2F transcription factor through
phosphorylation of Rb protein in neurons. Cell Cycle (Georgetown, Tex).
2012;11(8):1603–10.
106. Cho HJ, Park S-M, Hwang EM, Baek KE, Kim I-K, Nam I-K, et al. Gadd45b
mediates Fas-induced apoptosis by enhancing the interaction
between p38 and retinoblastoma tumor suppressor. J Biol Chem.
2010;285(33):25500–5.
107. Delston RB, Matatall KA, Sun Y, Onken MD, Harbour JW. p38 phos‑
phorylates Rb on Ser567 by a novel, cell cycle-independent mecha‑
nism that triggers Rb-Hdm2 interaction and apoptosis. Oncogene.
2011;30(5):588–99.
108. Chauhan D, Hideshima T, Treon S, Teoh G, Raje N, Yoshihimito S,
et al. Functional interaction between retinoblastoma protein and
stress-activated protein kinase in multiple myeloma cells. Cancer Res.
1999;59(6):1192–5.

Page 15 of 16

109. Gubern A, Joaquin M, Marques M, Maseres P, Garcia-Garcia J, Amat
R, et al. The N-terminal phosphorylation of RB by p38 bypasses its
inactivation by CDKs and prevents proliferation in cancer cells. Mol Cell.
2016;64(1):25–36.
110. Nagano K, Itagaki C, Izumi T, Nunomura K, Soda Y, Tani K, et al. Rb plays
a role in survival of Abl-dependent human tumor cells as a down‑
stream effector of Abl tyrosine kinase. Oncogene. 2006;25(4):493–502.
111. Inoue Y, Kitagawa M, Taya Y. Phosphorylation of pRB at Ser612 by
Chk1/2 leads to a complex between pRB and E2F–1 after DNA damage.
EMBO J. 2007;26(8):2083–93.
112. Zhou Y, Jin X, Ma J, Ding D, Huang Z, Sheng H, et al. HDAC5 loss impairs
RB repression of pro-oncogenic genes and confers CDK4/6 inhibitor
resistance in cancer. Cancer Res. 2021;81(6):1486–99.
113. Jin X, Ding D, Yan Y, Li H, Wang B, Ma L, et al. Phosphorylated RB pro‑
motes cancer immunity by inhibiting NF-kappaB activation and PD-L1
expression. Mol Cell. 2019;73(1):22-35.e6.
114. Kim SJ, MacDonald JI, Dick FA. Phosphorylation of the RB C-termi‑
nus regulates condensin II release from chromatin. J Biol Chem.
2021;296:100108.
115. Nair JS, Ho AL, Tse AN, Coward J, Cheema H, Ambrosini G, et al. Aurora
B kinase regulates the postmitotic endoreduplication checkpoint via
phosphorylation of the retinoblastoma protein at serine 780. Mol Biol
Cell. 2009;20(8):2218–28.
116. Lin BTY, Gruenwald S, Morla AO, Lee WH, Wang JYJ. Retinoblastoma
cancer suppressor gene-product is a substrate of the cell-cycle regula‑
tor Cdc2 KINASE. EMBO J. 1991;10(4):857–64.
117. Dasgupta P, Betts V, Rastogi S, Joshi B, Morris M, Brennan B, et al. Direct
binding of apoptosis signal-regulating kinase 1 to retinoblastoma pro‑
tein: novel links between apoptotic signaling and cell cycle machinery.
J Biol Chem. 2004;279(37):38762–9.
118. Hirschi A, Cecchini M, Steinhardt RC, Schamber MR, Dick FA, Rubin SM.
An overlapping kinase and phosphatase docking site regulates activity
of the retinoblastoma protein. Nat Struct Mol Biol. 2010;17(9):1051–7.
119. Ludlow JW, Glendening CL, Livingston DM, Decaprio JA. Specific enzy‑
matic dephosphorylation of the retinoblastoma protein. Mol Cell Biol.
1993;13(1):367–72.
120. Nelson DA, Ludlow JW. Characterization of the mitotic phase pRbdirected protein phosphatase activity. Oncogene. 1997;14(20):2407–15.
121. Nelson DA, Krucher NA, Ludlow JW. High molecular weight protein
phosphatase type 1 dephosphorylates the retinoblastoma protein. J
Biol Chem. 1997;272(7):4528–35.
122. Rubin E, Mittnacht S, Villa-Moruzzi E, Ludlow JW. Site-specific and
temporally-regulated retinoblastoma protein dephosphorylation by
protein phosphatase type 1. Oncogene. 2001;20(29):3776–85.
123. Berndt N, Dohadwala M, Liu CW. Constitutively active protein phos‑
phatase 1alpha causes Rb-dependent G1 arrest in human cancer cells.
Curr Biol. 1997;7(6):375–86.
124. Barnoud T, Donninger H, Clark GJ. Ras regulates Rb via NORE1A. J Biol
Chem. 2016;291(6):3114–23.
125. Choy MS, Hieke M, Kumar GS, Lewis GR, Gonzalez-DeWhitt KR, Kessler
RP, et al. Understanding the antagonism of retinoblastoma protein
dephosphorylation by PNUTS provides insights into the PP1 regulatory
code. Proc Natl Acad Sci USA. 2014;111(11):4097–102.
126. De Leon G, Cavino M, D’Angelo M, Krucher NA. PNUTS knockdown
potentiates the apoptotic effect of Roscovitine in breast and colon
cancer cells. Int J Oncol. 2010;36(5):1269–75.
127. De Leon G, Sherry TC, Krucher NA. Reduced expression of PNUTS leads
to activation of Rb-phosphatase and caspase-mediated apoptosis.
Cancer Biol Ther. 2008;7(6):833–41.
128. Egger JV, Lane MV, Antonucci LA, Dedi B, Krucher NA. Dephosphoryla‑
tion of the Retinoblastoma protein (Rb) inhibits cancer cell EMT via Zeb.
Cancer Biol Ther. 2016;17(11):1197–205.
129. Avni D, Yang H, Martelli F, Hofmann F, ElShamy WM, Ganesan S, et al.
Active localization of the retinoblastoma protein in chromatin and its
response to S phase DNA damage. Mol Cell. 2003;12(3):735–46.
130. Tong Y, Ying H, Liu R, Li L, Bergholz J, Xiao ZX. Pin1 inhibits PP2A-medi‑
ated Rb dephosphorylation in regulation of cell cycle and S-phase DNA
damage. Cell Death Dis. 2015;6:e1640.
131. Cicchillitti L, Fasanaro P, Biglioli P, Capogrossi MC, Martelli F.
Oxidative stress induces protein phosphatase 2A-dependent

Zhou et al. Journal of Biomedical Science

132.

133.
134.
135.
136.

137.
138.
139.
140.
141.
142.
143.

144.
145.

146.
147.
148.

149.
150.
151.
152.
153.
154.
155.

(2022) 29:33

dephosphorylation of the pocket proteins pRb, p107, and p130. J Biol
Chem. 2003;278(21):19509–17.
Lentine B, Antonucci L, Hunce R, Edwards J, Marallano V, Krucher NA.
Dephosphorylation of threonine-821 of the retinoblastoma tumor sup‑
pressor protein (Rb) is required for apoptosis induced by UV and Cdk
inhibition. Cell Cycle. 2012;11(17):3324–30.
Drazic A, Myklebust LM, Ree R, Arnesen T. The world of protein acetyla‑
tion. BBA-Proteins Proteom. 2016;1864(10):1372–401.
Ramponi G, Manao G, Camici G. Nonenzymatic acetylation of
histones with acetyl phosphate and acetyl adenylate. Biochemistry.
1975;14(12):2681–5.
Weinert BT, Iesmantavicius V, Wagner SA, Scholz C, Gummesson B, Beli P,
et al. Acetyl-phosphate is a critical determinant of lysine acetylation in
E. coli. Mol Cell. 2013;51(2):265–72.
Wagner GR, Payne RM. Widespread and enzyme-independent
Nepsilon-acetylation and Nepsilon-succinylation of proteins in
the chemical conditions of the mitochondrial matrix. J Biol Chem.
2013;288(40):29036–45.
Ren J, Sang Y, Lu J, Yao YF. Protein acetylation and its role in bacterial
virulence. Trends Microbiol. 2017;25(9):768–79.
Verdin E, Ott M. 50 years of protein acetylation: from gene regula‑
tion to epigenetics, metabolism and beyond. Nat Rev Mol Cell Biol.
2015;16(4):258–64.
Pazin MJ, Kadonaga JT. What’s up and down with histone deacetylation
and transcription? Cell. 1997;89(3):325–8.
Blander G, Guarente L. The Sir2 family of protein deacetylases. Annu Rev
Biochem. 2004;73:417–35.
Yang XJ, Seto E. The Rpd3/Hda1 family of lysine deacetylases:
from bacteria and yeast to mice and men. Nat Rev Mol Cell Biol.
2008;9(3):206–18.
Finkel T, Deng CX, Mostoslavsky R. Recent progress in the biology and
physiology of sirtuins. Nature. 2009;460(7255):587–91.
Adams PD, Sellers WR, Sharma SK, Wu AD, Nalin CM, Kaelin WG Jr.
Identification of a cyclin-cdk2 recognition motif present in sub‑
strates and p21-like cyclin-dependent kinase inhibitors. Mol Cell Biol.
1996;16(12):6623–33.
Markham D, Munro S, Soloway J, O’Connor DP, La Thangue NB. DNAdamage-responsive acetylation of pRb regulates binding to E2F–1.
EMBO Rep. 2006;7(2):192–8.
Ferrari R, Gou D, Jawdekar G, Johnson Sarah A, Nava M, Su T, et al. Ade‑
novirus small E1A employs the lysine acetylases p300/CBP and tumor
suppressor Rb to repress select host genes and promote productive
virus infection. Cell Host Microbe. 2014;16(5):663–76.
Nguyen DX, Baglia LA, Huang SM, Baker CM, McCance DJ. Acetylation
regulates the differentiation-specific functions of the retinoblastoma
protein. EMBO J. 2004;23(7):1609–18.
Pickard A, Wong PP, McCance DJ. Acetylation of Rb by PCAF is required
for nuclear localization and keratinocyte differentiation. J Cell Sci.
2010;123(Pt 21):3718–26.
Jansma AL, Martinez-Yamout MA, Liao R, Sun P, Dyson HJ, Wright PE.
The high-risk HPV16 E7 oncoprotein mediates interaction between the
transcriptional coactivator CBP and the retinoblastoma protein pRb. J
Mol Biol. 2014;426(24):4030–48.
Leduc C, Claverie P, Eymin B, Col E, Khochbin S, Brambilla E, et al.
p14ARF promotes RB accumulation through inhibition of its Tip60dependent acetylation. Oncogene. 2006;25(30):4147–54.
Wong S, Weber JD. Deacetylation of the retinoblastoma tumour sup‑
pressor protein by SIRT1. Biochem J. 2007;407(3):451–60.
Huang J, Gan Q, Han L, Li J, Zhang H, Sun Y, et al. SIRT1 overexpression
antagonizes cellular senescence with activated ERK/S6k1 signaling in
human diploid fibroblasts. PLoS ONE. 2008;3(3):e1710.
Zhou X, Fan LX, Sweeney WE Jr, Denu JM, Avner ED, Li X. Sirtuin 1 inhibi‑
tion delays cyst formation in autosomal-dominant polycystic kidney
disease. J Clin Invest. 2013;123(7):3084–98.
Sedic M, Skibinski A, Brown N, Gallardo M, Mulligan P, Martinez P, et al.
Haploinsufficiency for BRCA1 leads to cell-type-specific genomic insta‑
bility and premature senescence. Nat Commun. 2015;6:7505.
Ambler RP, Rees MW. Epsilon-N-Methyl-lysine in bacterial flagellar
protein. Nature. 1959;184:56–7.
Murray K. The occurrence of epsilon-n-methyl lysine in histones. Bio‑
chemistry. 1964;3:10–5.

Page 16 of 16

156. Albert M, Helin K. Histone methyltransferases in cancer. Semin Cell Dev
Biol. 2010;21(2):209–20.
157. Wu Z, Connolly J, Biggar KK. Beyond histones—the expanding roles of
protein lysine methylation. FEBS J. 2017;284(17):2732–44.
158. Falnes PO, Jakobsson ME, Davydova E, Ho A, Malecki J. Protein lysine
methylation by seven-beta-strand methyltransferases. Biochem J.
2016;473:1995–2009.
159. Petrossian TC, Clarke SG. Uncovering the human methyltransferasome.
Mol Cell Proteom. 2011;10(1):M110.000976.
160. Murn J, Shi Y. The winding path of protein methylation research: mile‑
stones and new frontiers. Nat Rev Mol Cell Biol. 2017;18(8):517–27.
161. Tsusaka T, Kikuchi M, Shimazu T, Suzuki T, Sohtome Y, Akakabe M, et al.
Tri-methylation of ATF7IP by G9a/GLP recruits the chromodomain
protein MPP8. Epigenet Chromatin. 2018;11:56.
162. Subramanian K, Jia D, Kapoor-Vazirani P, Powell DR, Collins RE, Sharma
D, et al. Regulation of estrogen receptor alpha by the SET7 lysine meth‑
yltransferase. Mol Cell. 2008;30(3):336–47.
163. Deng X, Hamamoto R, Vougiouklakis T, Wang R, Yoshioka Y, Suzuki T,
et al. Critical roles of SMYD2-mediated beta-catenin methylation for
nuclear translocation and activation of Wnt signaling. Oncotarget.
2017;8(34):55837–47.
164. Liu X, Chen Z, Xu C, Leng X, Cao H, Ouyang G, et al. Repression of
hypoxia-inducible factor alpha signaling by Set7-mediated methyla‑
tion. Nucleic Acids Res. 2015;43(10):5081–98.
165. Shi Y, Lan F, Matson C, Mulligan P, Whetstine JR, Cole PA, et al. Histone
demethylation mediated by the nuclear amine oxidase homolog LSD1.
Cell. 2004;119(7):941–53.
166. Carr SM, Munro S, Kessler B, Oppermann U, La Thangue NB. Interplay
between lysine methylation and Cdk phosphorylation in growth con‑
trol by the retinoblastoma protein. EMBO J. 2011;30(2):317–27.
167. Munro S, Khaire N, Inche A, Carr S, La Thangue NB. Lysine meth‑
ylation regulates the pRb tumour suppressor protein. Oncogene.
2010;29(16):2357–67.
168. Cho HS, Hayami S, Toyokawa G, Maejima K, Yamane Y, Suzuki T, et al. RB1
Methylation by SMYD2 Enhances Cell Cycle Progression through an
Increase of RB1 Phosphorylation. Neoplasia. 2012;14(6):476-+.
169. Saddic LA, West LE, Aslanian A, Yates JR 3rd, Rubin SM, Gozani O, et al.
Methylation of the retinoblastoma tumor suppressor by SMYD2. J Biol
Chem. 2010;285(48):37733–40.
170. Trojer P, Li G, Sims RJ, Vaquero A, Kalakonda N, Boccuni P, et al.
L3MBTL1, a histone-methylation-dependent chromatin lock. Cell.
2007;129(5):915–28.
171. Carr SM, Munro S, Zalmas LP, Fedorov O, Johansson C, Krojer T, et al.
Lysine methylation-dependent binding of 53BP1 to the pRb tumor
suppressor. Proc Natl Acad Sci USA. 2014;111(31):11341–6.
172. Carr SM, Munro S, Sagum CA, Fedorov O, Bedford MT, La Thangue NB.
Tudor-domain protein PHF20L1 reads lysine methylated retinoblastoma
tumour suppressor protein. Cell Death Differ. 2017;24(12):2139–49.
173. Kim KY, Wang DH, Campbell M, Huerta SB, Shevchenko B, Izumiya
C, et al. PRMT4-mediated arginine methylation negatively regulates
retinoblastoma tumor suppressor protein and promotes E2F–1 dis‑
sociation. Mol Cell Biol. 2015;35(1):238–48.
174. Zhao L, Zhang Y, Gao Y, Geng P, Lu Y, Liu X, et al. JMJD3 promotes SAHF
formation in senescent WI38 cells by triggering an interplay between
demethylation and phosphorylation of RB protein. Cell Death Differ.
2015;22(10):1630–40.
175. Sanidas I, Morris R, Fella KA, Rumde PH, Boukhali M, Tai EC, et al. A code
of mono-phosphorylation modulates the function of RB. Mol Cell.
2019;73(5):985–1000.
176. Zhang J, Xu K, Liu P, Geng Y, Wang B, Gan W, et al. Inhibition of Rb
phosphorylation leads to mTORC2-mediated activation of Akt. Mol Cell.
2016;62(6):929–42.
177. Antonucci LA, Egger JV, Krucher NA. Phosphorylation of the Retinoblas‑
toma protein (Rb) on serine-807 is required for association with Bax.
Cell Cycle. 2014;13(22):3611–7.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

